This paper reviews optical coherent technologies in next generation access networks with the use of radio over fiber (RoF), which offer key enabling technologies of wired and wireless integrated and/or converged broadband access networks to accommodate rapidly widespread cloud computing services. We describe technical issues on conventional RoF based on subcarrier modulation (SCM) and their countermeasures. Two examples of RoF access networks with optical coherent technologies to solve the technical issues are introduced; a video distribution system with FM conversion and wired and wireless integrated wide-area access network with photonic up-and down-conversion.
INTRODUCTION
shows the transmission speeds of core and access networks over time. The transmission speed of optical access has increased by around 100 times in the last decade. In order to accommodate the huge traffic from the broadband access networks, the transmission capacities of core networks are being dramatically accelerated with the use of timedivision multiplexing (TDM) and wavelength-division multiplexing (WDM) technologies; so that the total transmission capacity of WDM can reach up to 3 Tbps (40 Gbps x 80 wavelengths). Recent investigation of digital coherent technologies enables the multilevel demodulation, polarization division multiplexing, and compensation of fiber dispersion with digital signal processing, so as to increase the spectral efficiency and transmission capacity up to 64 Tbit/s (107Gbps x 640 wavelength) in C and L band of 8 THz [1] .
As for the wireless access, the transmission speeds have also increased more than 100 Mbps with wireless LAN (IEEE 802.11n), and accelerated up to 100 Mbps mobile access with the Long Term Evolution (LTE). Japanese mobile operator started the LTE service at the end of 2010. We have been challenging the broadband mobile access beyond 100 Mbps with the 4G (LTE Advanced) mobile standardization.
The further enhancement of optical access technologies beyond 10G-EPON is facing various barriers to cost-effective realization: the history of the core network has proven this. In addition, a higher-speed TDMA requires higher-rate burst-mode circuits. Given this, one of the most attractive candidates for future optical access is WDM-PON, in which each signal from/to each user occupies a different wavelength. WDM-PON is a physically shared system, but a logically unshared system. This provides certain advantages as follows [2] .
1. The bandwidth for each user can be easily upgraded. From the viewpoint of advantage 2, the integration and convergence with wired and wireless broadband access over WDM-PON will flexibly provide ultra-high definition videos, 3D video, and rich Web applications with smart phones and tablet personal computers anywhere, at any time by easily connecting to cloud computing, as shown in Fig. 2 . The cloud computing also provides information processing form a huge number of sensors with ubiquitous wireless sensor networks. Recent proposals establish to provide wireless and/or wired services over WDM-PON [2] - [5] . One of the most attractive approaches to easily and transparently transmitting RF signals over a wavelength is radio over fiber (RoF) techniques, so that various types of broadband wireless services in smaller radio cells can be flexibly and costeffectively accommodated with many base stations (BS) over WDM-PON [6] . The smaller radio cell increases the efficiency of frequency utilization, that gives the advantage in extremely restricted radio spectrum resources. The conventional RoF based on subcarrier modulation (SCM), however, is so-called analog optical transmission scheme, and therefore the characteristics of optoelectronics components and optical fibers greatly impact the transmission performance. This paper reviews the technical issues of conventional RoF, their countermeasures, and RoF access networks using optical coherent technologies. Section 2 briefly describes the technical issues of conventional RoF based on SCM and their countermeasures. In Section 3, we show two examples of RoF access networks using optical coherent technologies to solve the technical issues; a video distribution system with FM conversion and wired and wireless integrated widearea access network with photonic up-and down-conversion.
TECHNICAL ISSUES OF ROF AND COUNTERMEASURES
The technical issues of conventional RoF based on SCM are as follows.
1. Intermodulation distortion due to nonlinear characteristics of optical devices [7] 2. Clipping noise due to direct modulation of laser diodes (LD) [8] 3. Degradation of optical reflection induced at mechanical splice points [9] 4. Distortion of RF signal due to fiber dispersion [10] Table 1 summarizes the countermeasures with devising transmitters (Tx) and receivers (Rx) of RoF system. The technique 1 in Table 1 greatly reduces the above technical issues by introducing the digital signal processing. However, the timing jitter of digital analog converter (DAC) restricts the system performance of digitized RoF (DRoF) [11] . The other techniques in Table 1 mitigate the impact due to the technical issues by introducing the optical coherent technologies. The technique 2 reduces the impact due to the technical issues 1, 2, and 3 with FM modulation of LD and heterodyning detection, which converts multicarrier AM signals to FM signals [9] . This technique can be applied to OFDM RF signals to reduce the intermodulation distortion, clipping noise, and impact of optical reflection, as well. The techniques from 3 to 7 solves the technical issue 4 on the millimeter RF signal transmission, with the use of optically beating-up and -down the RF carrier frequency [12] , [13] , the single sideband (SSB) or carrier suppress (CS) modulation [14] , [15] , optically filtering the SSB at the detector [16] , generating many harmonics by FM modulation of LD [17] [18] , and detecting the SSB with digital coherent detection [19] , respectively. In the next section, we will describe the RoF access networks to apply the techniques 2 and 3 in Table 1 . Table 1 . Countermeasures based on techniques of transmitters (Tx) and receivers (Rx). Figure 3 shows the commercially deployed FTTH system configuration. The GE-PON system (IEEE 802.3ah) consists of GE-OLT and GE-ONU, and provides voice and data communication services [9] . In the video distribution system, multichannel video signals from the head-end are E/O converted in the transmitter and relayed by V-OLTs. After transmitting the access network, the GE-PON signal and video signal is terminated in the GE-ONU and V-ONU, respectively. The wavelength allocation is, in compliance with recommendation ITU-T G.983.3, 1.49μm and 1.31μm for downstream and upstream, respectively, in the GE-PON system, and 1.55μm in the SCM-PON system. ) show the configurations of video distribution system with the FM conversion system [9] and the conventional SCM, respectively. The difference between two systems is that the FM conversion system has an FM converter in the video transmitter and an FM demodulator in the V-ONU. In the FM converter, the multichannel FDM video signal is split into two signals with 180° phase difference, and each signal modulates the optical frequency of a different FM LD. This modulation scheme reduces not only the FM modulation current but also the intensity modulation component generated by FM modulation. Optical heterodyne detection generated the broadband FM signal with center frequency of 3 GHz. The sharing of the expensive optical coherent process among the subscribers minimizes the cost per subscriber. The FM demodulator in the ONU is also shown in Fig. 4 (a) . An exclusive OR gate detects both riseand fall-edge of the FM signal to improve CNR characteristics. The FM conversion technique offers the following benefits over conventional SCM systems: (1) Improved minimum received optical power, by around 5 dB for AM video transmission, (2) RIN requirement eased by around 10 dB to135dB/Hz, which allows more than 20 optical amplifiers to be cascaded, (3) Reflectivity of the optical connector eased by 10 dB, (4) WDM filter crosstalk requirement eased by 14 dB and influence of non-linear crosstalk caused by Raman scattering rendered insignificant. Figure 5 illustrates the wired and wireless wide-area access network based on long-reach WDM-PON [13] . OLTs and an optical carrier supply module (OCSM) are located in the center node; the OCSM is an optical frequency comb generator that supplies multi-wavelength carriers to several OLTs. The OLT has interfaces for RoF access (RoF IFs) as well as those for high speed optical access such as 10 Gigabit Ethernet (10GE IFs). The RoF approach simplifies the system architecture by directly delivering broadband RF signals through optical fibers. One of the most attractive RoF approaches over 100 Mbps with the millimeter band is photonic up-and downconversion heterodyning two optical frequencies whose difference corresponds to the RF, e.g. 60 GHz [20] . By modulating one of two optical frequencies before fiber transmission, the RF signal can be extracted by heterodyne detection after fiber transmission. This approach can eliminate not only the local RF generator in each base station (BS), but also reducing the fading of RF signals due to the fiber dispersion. In order to generate a stable RF signal after detection, the precisely controlled optical frequencies must be required. The OCSM that can inherently provide such precise frequency control between any two wavelengths are an attractive candidate for this purpose as well as for multiplexing many different RF signals.
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Video distribution system with FM conversion
Wired and wireless integrated wide-area access network with photonic up-and down-conversion
This network uses DWDM wavelength channels (e.g. 64 channels) and the group multi/demultiplexer (G-MUX) in each remote node divides/combines the DWDM channels into/from several groups of wavelengths (e.g. 8 wavelengths x 8 groups). Each wavelength group is dedicated to a building/apartment, where a wavelength pair can provide either optical access via an ONU or RoF access with a BS (e.g. 1 x 10GE-ONU and 3 x RoF BSs in each building/apartment). Figures 6 (a) and (b) show the configuration and optical spectrum of the OCSM [21] . By modulating the CW lights of seed laser diodes (LDs λ 1 to λ n in the figure) with a phase modulator (PM) and an intensity modulator (IM) using 25 GHz radio frequencies with appropriate amplitudes, we can obtain multi-wavelength optical carriers as the modulation sideband as shown in Fig. 6 (b) ; the spectrum consists of four wavelength groups where each group consists of eight wavelengths with 25 GHz spacing. Typically, low-cost optical filters for group multi/demultiplexing require an adequate guard-band between neighboring groups. As shown in the spectrum, this OCSM is very suitable for such a group multi/demultiplexing because one can easily adjust the spacing between neighboring wavelength groups by adjusting the seed wavelengths. Figure 7 shows a detailed configuration of the proposed network system. Wavelength pairs to be used for an ONU or a BS are λ k1 /λ k3 , λ k2 /λ k4, λ k5 /λ k7, λ k6 /λ k8 where k is the group number (k = 1 ~ n). In the case of the OCSM shown in Fig. 7 (b), n is 4; we can increase n by adding seed wavelengths to OCSM. The center node consists of n sets of modulation arrays (Mod array), n sets of receiver arrays (Rec array) and group multi/demultiplexers (G-MUX/G-DMX). Each Mod array multi/demultiplexes the eight wavelengths in each group by using arrayed-waveguide gratings (AWGs), and λ k1 , λ k2, λ k5, λ k6 are modulated by 10 Gbit/s binary NRZ data (for optical access) or 10 GHz-band IF data (for RoF access). In the remote node, the G-MUX/DMX divides/combines signals by wavelength groups. In the building, AWGs multi/demultiplex the eight wavelengths. The BS receives the RoF signal by heterodyning the wavelength pair (e.g. λ k1 /λ k3 ) to generate a wireless signal with 60 GHz RF as well as transmitting the RoF signal by remotely modulating and transmitting one of the wavelength pairs (e.g. λ k3 ) upstream. The ONU simply receives one modulated wavelength pair (e.g. λ k2 ) as well as modulating/demodulating another wavelength pair (e.g. λ k4 ). Figure 8 summaries the signal spectra of OLT, ONU, and OLT. By using this system configuration, we can realize a wide-area access network that provides both high-speed optical access and fiber-wireless access flexibly depending on need. 
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SUMMARY
We have described the technical issues of conventional RoF based on SCM, their countermeasures, and RoF access networks using optical coherent technologies to solve the technical issues. To apply the optical coherent technologies to RoF, the impact of characteristics in optoelectronics components and optical fibers can be greatly reduced. We described the two examples of broadband RoF access networks; a video distribution system with FM conversion and wired and wireless integrated wide-area access network with photonic up-and down-conversion. 
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